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The mechanosensitive channel of large conductance, which serves as a model system for mechanosensitive channels, has previously been crystallized in the closed form, but not in the open form. Ensemble measurements and electrophysiological sieving experiments show that the open-diameter of the channel pore is >25Å, but the exact size and whether the conformational change follows a helix-tilt or barrel-stave model are unclear. Here we report measurements of the distance changes on liposomereconstituted MscL transmembrane α-helices, using a "virtual sorting" single-molecule fluorescence energy transfer. We observed directly that the channel opens via the helix-tilt model and the open pore reaches 2.8 nm in diameter. In addition, based on the measurements, we developed a molecular dynamics model of the channel structure in the open state which confirms our direct observations.
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Mechanosensitive (MS) channels are essential in both eukaryotes and prokaryotes (Haswell et al, 62 2011; Árnadóttir & Chalfie, 2010; Perozo, 2006) . In eukaryotes, they are involved in diverse processes 63 such as embryonic development, touch, pain, hearing, lung growth, and muscle homeostasis (Chalfie, 64 2009; Hamill & Martinac, 2001 ; Árnadóttir & Chalfie, 2010) . In bacteria, they are "safety valves", 65
opening their pores to release the pressure to protect cells from hypo-osmotic shock (Booth & Blount, 66 2012). The rise in antibiotic resistance, and the crucial role MS channels play in bacterial adaptation, 67
makes it important to understand the MS channels as potentially new drug targets (Booth & Blount, 2012) . 68
When high pressure (~ 10 mN/m) causes the bacterial mechanosensitive channel of large conductance 69 (MscL) to open, it forms a large, nonselective pore with a very high conductance (~ 3 nS) that is 70 permeable to various ions and small organic osmolytes. In 1998, MscL from Mycobacterium tuberculosis 71 in the closed state was crystallized by Rees and co-workers (Chang et al, 1998) . They showed that MscL 72 is a pentamer made up of five identical subunits (Figure 1a-b) . Each subunit consists of one cytoplasmic 73 α-helix (the CP domain) and two trans-membrane α-helices (the TM1 and TM2 helices), which extend 74 through the cell membrane and are joined by a periplasmic loop (Figure 1b ). TM1 and TM2 are primarily 75 responsible for gating; it has been shown that complete deletion of the CP domain does not change the 76 gating parameters substantially (Anishkin et al, 2003 techniques, e.g., permeation of organic ions (Cruickshank et al, 1997) , Electron Paramagnetic Resonance 80 (EPR) (Perozo et al, 2002b (Perozo et al, , 2002a ) and ensemble Fluorescence Resonance Energy Transfer (FRET) 81 (Corry et al, 2005b (Corry et al, , 2010 ) have attempted to measure the pore size. However, systematic errors likely 82 result in an overestimation of (Cruickshank et al, 1997) , an underestimation of (Corry et al, 2005b (Corry et al, , 2010 , 83 or an insensitivity to the requisite distances (Perozo et al, 2002a) . For example, EPR was only able to 84
establish that the open pore is > 25Å (11). Ensemble FRET, which yielded some insightful results, is 85 potentially sensitive to larger distances (~ 80-100 Å) (Roy et al, 2008) . However, due to multiple labeling, 86 problems with protein clustering, and the need for Monte-Carlo simulations to extract distance 87 information, there was much variability and uncertainty in the results (Corry et al, 2005b (Corry et al, , 2010 (Corry et al, , 2005a . 88 Another important question is how the MscL channels open, i.e. how the helices rearrange upon 89 channel activation (i.e., from the closed state to the open state). Currently, there exist two predominant 90 models for the opening of MscL: the barrel-stave model and the helix-tilt model ( Figure 2 ) (Perozo, 2006) . 91
The barrel-stave model involves motion of the transmembrane helix 1 (TM1) with the transmembrane 92 helix 2 (TM2) remaining stationary; the open-pore is lined by both TM1 and TM2 and the helices are 93 fairly vertical (where the membrane is horizontal). This model derives primarily from the number of 94 transmembrane helices and the large size of the open pore. In contrast, the helix-tilt model, which has 95 been proposed more recently (Sukharev et al, 2001a (Sukharev et al, , 2001b Betanzos et al, 2002) In the present work, we focused on the transmembrane helices involved in the opening of MscL from 101
Escherichia coli (EcoMscL), using a single-molecule fluorescence resonance energy transfer (smFRET). 102
MscL channels were reconstituted in liposomes during smFRET measurements and thus the channels 103 were in their quasi-native environment. In addition, although MscL is a pentamer, we utilized 104 photobleaching to virtually sort out the population of molecules with a single donor and a single acceptor, 105 allowing us to make accurate smFRET measurements. It is the first time that smFRET has been applied to 106 liposome-reconstituted membrane proteins with more than three monomers. We measured movement of 107 three residues on TM1 (M42C, A27C, and I25C; Figure 1c ) and three residues on TM2 (Y75C, Q80C and 108 V82C; Figure 1c ), from which we determined not only the translational movements but also the tilting of 109 each helix. We observed the tilting of the helices in a model-free fashion, arguing strongly in favor of the 110 helix-tilt model. oleoyl-sn-glycero-3-phosphocholine (POPC) with 2% 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine-N-123 biotinyl (BPE) (Figure 1e) . The liposomes were then immobilized on a glass coverslip, via biotin-avidin 124 interaction, for smFRET measurements (Figure 1e ). To access the open state of the channels, 1-oleoyl-2-125 hydroxy-sn-glycero-3-phosphocholine or lysophosphatidylcholine (LPC) of 25% molar ratio was added 126 (Perozo et al, 2002b (Perozo et al, , 2002a Corry et al, 2005b Corry et al, , 2010 (Figure 1f ) and incubated for > 10 minutes before 127 immobilization. Just before performing smFRET experiments, the fluorescence spectra of the samples (± 128 LPC) were recorded with excitation at 488 nm to confirm that the channels open up with LPC by 129 observing the shift in the FRET peaks. (The channel activity is also determined by observing the opening 130 of the channels upon application of negative pressure (suction) to the patch pipette. The labeled proteins 131 for patch-clamp experiments are from a different aliquot, although the same batch, of the labeled proteins 132 for smFRET experiments.) We emphasize that, although smFRET has been applied to study the 133 conformational changes of channels and transporters (Zhao et al, 2010 (Zhao et al, , 2011 Akyuz et al, 2013; Choi et 134 al, 2010) , to our knowledge, it is the first time that smFRET has been used with channels reconstituted to 135 liposomes. 136
Via smFRET measurements, we observed fluorescence intensity traces with one or two 137 photobleaching steps ( Supplementary Figure 2a-b) . This is the expected result because MscL is a homo-138 pentamer and the labeling of fluorophores is stochastic. The number of photobleaching steps tells the 139 number of fluorophores attached to a channel. Only the traces showing a single photobleaching step in 140 both the donor and acceptor channels, ensuring that only a single donor and/or acceptor fluorophore, were 141 included in the analysis (Supplementary Figure 2a) . Donors were, in most cases, photobleached first, 142 resulting in simultaneous dropping of the fluorescence intensities in both donor and acceptor channels 143 (Supplementary Figure 2a-b) We analyzed a few hundred traces (varying between 134 and 577 traces) with single photobleaching 157 steps in the absence and presence of LPC for each mutant (Figure 1c and Figure 3 ). Here we focus on the 158 mutant M42C for the sake of illustration. For the single photobleaching steps of M42C, 428 and 577 159 traces, in the absence and presence of LPC, respectively, were analyzed. The corrected FRET efficiencies 160 were calculated and their distribution was then plotted and fitted with Gaussians via maximum likelihood 161 estimates, shown in Figure 3a -b, while the number of Gaussians was determined according to the 162 corrected Akaike information criterion (AICc) and the Bayesian information criterion (BIC) 163 (Supplementary Table I ) (Schwarz, 1978; Akaike, 1974; Sugiura, 1978) . In the absence of LPC, we 164 observed three peaks at E = 0.1, 0.28 and 0.63, respectively (Figure 3a ). In the presence of LPC, the third 165 peak showing the highest FRET efficiency diminishes, leaving mainly two Gaussians (E = 0.1 and 0.23, 166 Figure 3b ). This transition (i.e. the highest peak decreases and the lowest peak increases) is more obvious 167 when we plotted the difference between the normalized FRET distributions (∑P X 1, where X for 168 in the presence of LPC and X for in the absence of LPC) under the two conditions, as shown in 169 Figure 3c : after adding 25% LPC, the peak at E ~ 0.6 went away but the fraction of the peak at E ~ 0.1 170 built up. Note that the highest peak at E ~ 0.6 does not completely disappear in the presence of 25% LPC, 171 which is consistent with Ref. (Perozo et al, 2002b) . 172
In the absence of LPC, the existence of three peaks, rather than two peaks, can be explained by 173 considering the effect of tethering on the liposome. As the MscL channel is a homo-pentamer, we initially 174 expected two distances between donor and acceptor in each state (R n and R f in Figure 5a- Another note is that we used maximum-likelihood estimation (MLE) (In Jae, 2003) for peak fitting. 207
This method was chosen particularly because it does not require binning the data before fitting. Although 208 there are mathematical ways for selection of "good" bin sizes (Shimazaki & Shinomoto, 2007) , the 209 selection of bin size is, in practice, subjective, and the peaks derived can be affected with different bin 210 sizes. After MLE fitting, we then bin the data and plot the histograms for the sake of presentation purpose. 211
How the data is binned does not change the fitting parameters. (≈ 1.7 nm for M42C). 242 We emphasize that some of the distances between fluorophores (R no and R nc in Supplementary Table II)  243 are indeed out of the sensitive range of EPR measurements, making FRET a more suitable technique in 244 this context. 245 We note that the finite size of probes (r p ~ 1.7 nm) brings additional difficulties to converting FRET 246 measurements to estimation of distances: FRET results gave the distances between the chromophores of 247 donors and acceptors, which is different from the distances between the C α atoms of residues of interest. 248
However, on the other hand, the movement of the residues (or the movement of the C α atoms of the 249 residues) in the radial direction is the same as the movement of the chromophores assuming that the size 250 of the probes does not change (i.e. Δr p = 0) upon channel opening (see Supplementary Information for 251 details). We also note that, although the five-fold symmetry is broken due to the binding of one donor and 252 one acceptor per pentamer, the geometric construction will not be affected. 253
As a result, we focus on the more relevant distance of interest: the movement of the residue away 254 from the pore center, Δr (Figure 5b ), or the change of protein diameter measured from the residue, ΔD. (D  255 is the protein diameter defined by a specific residue, as shown in Figure 5a -b). Because of the five-fold 256 symmetry of the MscL channel, ΔD and Δr can be calculated readily according to ΔD = ΔR n / sin( π /5 ) ≈ 257 2.8 nm, which yields Δr = ΔD / 2 ≈ 1.4 nm (for M42C). The Δr values of the residues are summarized in 258 Table I . These values are all above 2.5 nm, a lower bound predicted by EPR experiments (Perozo et al, 259 2002a), but are larger than ΔD values obtained from the previous ensemble FRET measurement: for 260 example, ΔD M42C = 2.8 nm (smFRET) vs. ΔD M42C = 1.6 nm (ensemble FRET) (Corry et al, 2010 (Corry et al, , 2005b . 261 We emphasize that the measurements of two more residues (I25C and A27C) in the current study were 262 also reported previously (Corry et al, 2010 We note that fluorophores/linkers at different residues are likely to be constrained differently. 269
Furthermore, how they are constrained differently is not clear, partly due to the unavailability of the 270 crystal structure of EcoMscL. However, certain residues are in agreement between the EcoMscL and the 271 MtMscL (Perozo et al, 2001 ). Nevertheless, the distances between donors and acceptors are not good to 272 compare for different residues of EcoMscL. A more reasonable way is to compare the changes of 273 distances, i.e., the movements of residues. 274
The calculations above were performed with the assumption that EcoMscL are pentamers. However, a 275 caveat is that, in certain detergents, a small fraction of EcoMscL proteins present as hexamers, instead of 276 pentamers (Gandhi et al, 2011) . To estimate the uncertainties due to a mixture of pentamers and hexamers, 277
we performed quantitative numerical simulations and showed that our results would be smaller than the 278 actual values by 7.5% in the presence of 30% hexamers in the sample (Supplementary Figure 1 and 4) . 279
Because the size of both Alexa fluorophores is significant (~1.7 nm), it is possible that the attachment 280 of the fluorophores to MscL channel results in various effects on the protein and on the FRET 281 measurements. For example, the presence of the fluorophores might sterically hinder the conformational 282 change of the proteins and prevent them from opening or closing. On the other hand, the steric hindrance 283 might constrain the orientation of fluorophores, affect the relative orientation between the fluorophores 284 and therefore add more errors on the distances converted from FRET efficiencies. In addition, the 285 insertion of fluorophores to the protein might force the channel to be in a state different from the fully 286 closed state, resulting in the distance change measururement is underestimated. However, we would like 287 to emphasize that the expected effect is insignificant for the following reasons. First, if the insertion of 288 fluorophore would result in significant steric hindrance on the protein, it is expected that the labeling is 289 difficult (i.e., it takes much more effort for the fluorophores to be attached due to the steric hindrance). In 290 other words, it is expected that steric hindrance is not significant on the mutants that are labeled well. 291
More importantly, the channels after being labeled with AF488 and AF568 were confirmed to be 292 functional by both ensemble FRET experiments (by observing the shift in the FRET peak) and patch-293 clamp measurements (by observing the opening of the channels upon application of negative pressure to 294 the patch pipette) as shown in Figure 6 and previous publications with the same fluorophores (Corry et al, 295 2010). 296 297
Computational MscL opening model. With smFRET, we measured the movements of three residues on 298 TM1 (M42C, A27C, and I25C) and three on TM2 (Y75C, Q80C and V82C) summarized in Table I and  299 Figure 5c-d. We observed directly and reliably for the first time, that both TM1 and TM2 swing away 300 from the pore, supporting the helix-tilt model. Note that, among the three residues on each helix, two sites 301
were very close to each other (A27C and I25C on TM1, Q80C and V82C on TM2). They were chosen 302 purposefully to be close; they served as consistency checks and confirmed that our smFRET 303 measurements are accurate (Table I ). In addition, the top of both helices (periplasmic side, Figure 1b- ). In the simulation, 327 the virtual springs pushed corresponding residues from the distance in the closed state to the equilibrium 328 length in the open state. We note that the uncertainty due to the size of the FRET probes was minimized 329 by focusing on the change of the distances between the closed and open state, rather than absolute 330 distances as discussed in previous section. 331 We note several limitations in the modeling: as the spring constant was kept constant through the 332 simulations, resulting in a large force at beginning of the simulation, we applied both secondary structure 333 restraints (Trabuco et al, 2009 ) and symmetry restraints (Chan et al, 2011) to prevent structural distortion. 334
The secondary structure restraints prevents some subtle changes in the structure, such as kinks observed 335 previously in the upper part of TM1 in the open model of MscL (Deplazes et al, 2012 The resulting open state structure of MscL is shown in Figure. 7b and d, and compared with the 344 crystal structure of MscL in the closed state (Figure 7a and c) . The open structure satisfies all the distance 345 constraints measured in our smFRET experiments. In contrast, previous models based on ensemble FRET 346 measurements failed to be consistent with all experimental measurements (Corry et al, 2010) . In the open 347 conformation, the pore is mainly lined by helices TM1 (indicated by blue arrows), consistent with the 348 helix-tilt model. In addition, it is observed that both TM1 and TM2 indeed tilt toward the membrane plane 349 (horizontal) upon channel activation. For example, the orientation of TM1 tilts from the green arrow 350 orientation ( Figure 7c , closed state) to the yellow arrow orientation (Figure 7d, straightforward, has its limitations. It is likely that the function of the channel is affected by mutation and 360 labeling of (some of) the residues at the pore region. For example, the activation thresholds (P a , defined as 361 the pressure at which the first channel opening was observed (Nomura et al, 2012) ) of mutants G22C and 362 I24C are more than double the wild-type thresholds ( Figure 6 ) and both ensemble and single molecule 363 FRET measurements of these mutants showed no change in the FRET efficiency after adding 25% LPC. 364
The effect of the point mutations near the pore on the electro-physiological properties of the channel can 365 be quantitatively explained by the closed and open structure of MscL As shown in Supplementary Figure  366 10, the residue G22 (A20 in Mycobacterium tuberculosis MscL) is very close to the pore and is facing the 367 pore. The residue V22 (V22 in Mycobacterium tuberculosis MscL) is also close to the pore and 368 sandwiched between helix 1 and neighboring helix 1. Mutating these two residues is likely to perturb the 369 channel function. On the other hand, the residue I25 is further from the pore than G22 and I24. The 370 mutation I25C is less likely effect the channel properties. Indeed the I25C mutation does not affect the 371 channel's gating parameters (Figure 6c-d) . I25 is still close enough to the pore, making it a perfect 372 candidate for measuring pore size. Furthermore, among the three mutated residues shown in Figure 6 , I25 373 (green) is the only one facing outward from the channel axis and accessible from the periphery of the 374 protein (see Supplementary Figure 10 (Humphrey et al, 1996) and the narrowest constriction seen provided an estimate of the pore size. cloned into plasmid pQE-32 (Qiagen) as the BamHI-SalI fragment, which also added a hexa-histidine tag 418 (his-tag) to the protein at the N-terminus. The protein was expressed in E. coli (M15 strain) (Qiagen) that 419 were lysed by sonication and purified from DDM solubilized membranes using TALON® Metal affinity 420 chromatography (Clontech Laboratories, Inc), followed by a further purification step using fast protein 421 liquid chromatography (FPLC; Superdex 200 10/300 GL column, GE Healthcare, Pittsburgh, US). 422
Purification was performed in the presence of 1 mM DDM. 423
The wild type of MscL protein does not contain any cysteine. To label the proteins with fluorescent 424 probes, MscL was mutated using site-directed mutagenesis such that a residue at the desired position was 425 replaced by a cysteine. Because the MscL protein is a homo-pentamer (Chang et al, 1998) , this mutation 426 introduced five identical cysteine sites. 427
The protein with his-tag was then labeled with Alexa Fluor 488 (AF488) and/or Alexa Fluor 568 428 (AF568) maleimide, which specifically reacted with the introduced cysteines (Kim et al, 2008) . Right 429 before labeling, proteins were reduced with 10 mM DTT for 30 minutes, followed by purification using 430 PD-10 desalting columns (GE Healthcare, Pittsburgh, US). We titrated the pentameric protein-to-431 fluorophore molar ratio from 1:1 to 1:5 and used the molar ratio of 1:5 for labeling in all the experiments. 432
Under our labeling conditions, this ratio gave satisfying results such that most of the proteins are labeled 433 (averagely ~ 1.7 donors and ~ 1.3 acceptors per pentamer) and that many of proteins are attached by a 434 single donor and a single acceptor (~ 30% of good traces show multiple donors and/or acceptors). Excess 435 fluorophores were then removed using PD-10 desalting columns. The sample was reduced with 10 mM 436 DTT before this purification step. A note to make is that the fluorophores (Alexa Fluor 488 maleimide  437 and Alexa Fluor 568 maleimide) come as mixtures of 5' and 6' isomers, which would potentially 438 complicate interpretation of smFRET data. However, we expect that the results would not be affected , where Q is the quantum 498 yield, A is the absorbance at the excitation wavelength (470 nm); F is the area under the corrected 499 emission curve, and n is the refractive index of the solvent. Subscripts S and X refer to the standard 500 (fluorescein) and to the unknown (AF488), respectively. The spectra of absorbance and fluorescence of 501 AF488-MscL in PBS+DDM (1mM DDM) were measured using Agilent 8453 UV-Vis absorbance 502 spectrophotometer (Agilent technologies) and PC1 spectrofluorimeter (ISS, Inc.), respectively. 503 504
Measurement of anisotropy of fluorophores conjugated to MscL. In order to determine the maximum 505 error in the orientation factor, κ 2 , and therefore the error in R 0 , the anisotropy of the fluorophores 506 conjugated to MscL was measured. The fluorophores-protein conjugates were immobilized on a glass 507 coverslip which was covered with PEG (5% biotinylated), then a layer of neutravidin (Thermo Scientific), 508 followed by a layer of penta-his biotin conjugate (Qiagen). The emission of the fluorophores-protein 509 conjugates were split into two channels of polarization and used to calculate the anisotropy, , 510
where is the fluorescence emission with polarization parallel to the excitation polarization and is the 511 fluorescence emission with polarization perpendicular to the excitation polarization (Lakowicz, 1999 Modeling the MscL open structure through restraint molecular dynamics (MD) simulation. Due to 519 lack of an E. coli MscL (EcoMscL) crystal structure, the simulation were performed using the structure of 520
MscL from Mycobacterium tuberculosis (MtMscL, PDB: 2OAR) (Steinbacher et al, 2007; Chang et al, 521 1998). The CP domain was truncated in the simulation because the complete deletion of the CP does not 522 change the gating parameters substantially (Anishkin et al, 2003) . The residues to which the distance 523 constraints were applied, were shifted according to the sequence alignment in Ref. (Chang et al, 1998 The simulation system was prepared by first imbedding the crystal structure of MscL (PDB: 2OAR) 532 (Steinbacher et al, 2007; Chang et al, 1998 ) into a membrane patch with 1727 POPC lipids. Solvent was 533 then added to both sides of the membrane, and the system was neutralized with 200 mM NaCl using 534 VMD (Humphrey et al, 1996) . The final simulation system contained 1,137,413 atoms. The all-atom MD 535 simulations were performed using NAMD (Phillips et al, 2005 ) with the TIP3P model (Jorgensen et al, 536 1983) for explicit water and the CHARMM36 force field (Best et al, 2012) . The simulation was 537 conducted in the NPT ensemble (constant pressure and temperature) with periodic boundary condition. 538
Constant temperature of 300 K was maintained using a Langevin thermostat with a damping coefficient of 539 1 ps −1
. A Nosé-Hoover Langevin piston barostat was used to maintain a constant pressure of 1 atm with a 540 period of 200.0 fs and damping timescale of 100.0 fs. The multiple time-stepping algorithm was 541 employed, with an integration time step of 2 fs, the short-range force being evaluated every time step, and 542 the long-range electrostatics every second time step. Non-bonded energies were calculated using particle 543 mesh Ewald full electrostatics and a smooth (10- 
